Focusing on the defects of famous defogging algorithms for fog images based on the atmosphere scattering model, we find that it is necessary to obtain accurate transmission map that can reflect the real depths both in large depth and close range. And it is hard to tackle this with just one prior because of the differences between the large depth and close range in foggy images. Hence, we propose a novel prior that simplifies the solution of transmission map by transferring coefficient, called saturation prior. Then, under the Random Walk model, we constrain the transferring coefficient with the color attenuation prior that can obtain good transmission map in large depth regions. More importantly, we design a regularization weight to balance the influences of saturation prior and color attenuation prior to the transferring coefficient. Experimental results demonstrate that the proposed defogging method outperforms the state-of-art image defogging methods based on single prior in terms of details restoring and color preserving. key words: image defogging, atmosphere scattering model, saturation prior, color attenuation prior, random walk model
Introduction
In foggy weather, there are a large amount of suspended particulates in the air. The reflected light on the surface of the object will cause the absorption and scattering of light before it reaches the image. By the influence of these particulate suspensions and the atmosphere interference, outdoor images captured by imaging equipment appear with contrast decreasing and degradation of color fidelity. The process of defogging is to restore a clear image from foggy image, and pads foundation for the follow-up advanced image analysis including identification, classification and tracking [1] , [2] .
In recent years, based on the perspective of image restoration, the image defogging is mainly relying on constructing the degradation model of foggy image and the auspicious condition of the image, and then converting the non-selectivity of the model to the fitness. Namely, it tries to transform the ill-conditioned equation into the solvable equation. The foggy images in the close ranges to low contrasts and fuzzy details, and the range in large depth are almost to be gray, which are difficult to be distinguished clearly. In this paper, we conduct the defogging research based on the current observation that most defogging algorithms just consider one prior to process the close ranges or large depth ranges. After studying the defogging algorithm based on the foggy image degradation model, it is found that the transmission map is the core of the implementation process of the algorithm. The more accurate the estimation value is, the higher the quality of the image fogging effect will be. He et al. first proposes the dark channel prior that most local patches in clear foggy images contain some pixels which have very low intensities in at least one color channel. But in the natural environment, there are some ranges against the dark channel prior such as in white and sky areas, resulting in errors in the transmission map [3] . As a result, this prior will not get great results in the large depth regions.
There are many articles that are based on the dark channel prior [4] - [7] . Arigela et al. [4] designed the sine nonlinear function to enhance the pass from dark channel prior to obtain a rough transmission map in 2014. This method used the gray-scale transformation function to replace the softmatting algorithm in [3] . As a result, it is essentially an improved version of defogging algorithm. Compared with the former algorithm, it can overcome the blocking effect and improve the processing efficiency, but there still exists the possibility of color darkness and distortion in sky areas. This is because they all rely on accurate atmosphere transmission maps. In 2015, Ranato et al. [5] decomposed fog images into three components in the LAB color space and processed them on a channel-by-channel basis using adaptive histogram equalization to improve contrast information. Then, the adaptive Gaussian filter is used to further refine the rough atmosphere transmission maps obtained by the dark channel prior. This method can reconstruct the image details, but the results show more severe color distortion. The reason is that this method ignores the fact that each channel of the color image is subject to the same degree of fog degradation. Tan [8] proposed the assumption that the clear images had higher contrast than the foggy images, and maximized the restoration of the local contrast of the foggy images to obtain the clear images through using Graph-Cut method to solve the cost function under Markov framework. However, since the assumption is only based on the contrast without considering the actual depth information, the restored images are supersaturated and colordistorted. Fattal [9] assumed that the atmosphere transmission maps were not relevant locally, and used the independent component analysis (ICA) method and the Gaussian Markov random field (GMRF) to solve the scene albedo to achieve defogging images. However, when the independent components are not significant or the image color information is not sufficient, the defogged images tend to produce
Copyright c 2018 The Institute of Electronics, Information and Communication Engineers color distortion and local halos. Through the analysis, the above-mentioned several defogging algorithms can obtain the poor effect sand and do not result in accurate transmission maps, because of fully considering the differences between large depth and close ranges. Fattal [10] proposed the color lines prior based on local patch smoothness. However, the image edges and the areas where the texture changes significantly do not meet the color lines prior. Suggested that the changes of the brightness and saturation of the pixel in the foggy images were closely related to the fog concentration, Zhu proposed the color attenuation prior [11] . In this prior, the fog concentration in the image can also indirectly reflect the scene depth information. But in the close range, degradation by the fog is smaller than that is in the far range, resulting in that the brightness and saturation values change faster. So, the coarse transmission map obtained by color attenuation prior does not conform to the real one. These defogged images do not satisfy good effects in large depth and close ranges. After the above analysis, we can conclude that the current mainstream of the defogging algorithms usually rely on a single prior or assumption for the foggy images. But the actual atmospheric environment is more complex, especially when the fog weather is so heavy, the prior or assumption is likely to be uncorrected. In this paper, we propose a novel prior, saturation prior that can rapidly get transmission map except for the sky and the white regions. To obtain the fine transmission map and overcome the defects in sky and the white regions, we employ Random Walk model with the constraint of color attenuation prior. The main contributions of this paper are summarized in three aspects: (1) Based on the HSV model, saturation prior is proposed and the problem of estimating the transmission map is simplified to solve transferring coefficient; (2) To get the accurate transmission map of foggy image, we propose a reasonable regularization weight to balance the efficiencies on transferring coefficient by saturation prior and color attenuation prior; (3) Taking the initial seed point as the Random Walk model, the energy model is constrained to minimize the energy of the transferring coefficient. The remainder of this paper is organized as follows: In Sect. 2, the atmosphere scattering model is introduced, and the saturation prior is proposed based on the HSV model, and the color attenuation is used to adjust transmission map in the sky and the white regions. In Sect. 3, the Random Walk model is used to accurately solve the fine transmission map. In Sect. 4 , we present and analyze the experimental results. Finally, Sect. 5 summarizes the proposed defogging method.
Model and Prior

Atmosphere Scattering Model
In computer vision, the commonly-used atmosphere scattering model for foggy images is: is the transmission map that describes the scattered and not been transmitted parts through the atmosphere to the imaging devices, β is the atmospheric scattering coefficient, and d(x) is depths of objects. As shown in Fig. 1 ,
is the direct attenuation of scene light reaching the imaging system after the atmospheric scattering.
is the interference term caused by the scattering of ambient light, and increases with the increasing of depth. In order to solve the ill posed problem that the number of unknown variables is more than the number of equations in (1), a lot of defogging algorithms by physical models are based on a prior or assumption to estimate t(x) and A [12] - [16] .
Saturation Prior
HSV model commonly used in color processing contains the three basic characteristics that the human eye distinguishes color through: chroma H, saturation S and brightness V [17] . For the saturation component of the color image, the pure spectral color is completely saturated, and as the saturation of the white light gradually decreases, the specific calculation is as follows:
I R , I G , and I B represent the components of the red, green and blue channel of color image, respectively. At the same time, we define the saturation operation for the color image I as S(I). Taking the saturation operation to (1), we can get:
In the atmospheric scattering model as shown in (1), the interference term generated by ambient light is the same as one in red, green and blue channels. Therefore, (3) can be rewritten as:
To simplify (4), we introduce a new t 1 (x) such that (4) satisfies the following equation:
Obviously, if A is known, t 1 (x) is solvable as shown in (6):
According to (4) and (5), then we can obtain:
Jointing the relationship between t(x) and t 1 (x), we define the transferring coefficient
as below:
So far, the problem of estimating the transmission map t(x) is simplified to solve the transferring coefficient K*. Taking the minimum operation on the red, green and blue channels to (1) can get the following equation:
The transmission map t(x) is between 0 and 1, so
is satisfied. Thus, the constraint condition for K* can be obtained as shown in (10):
The new transmission map t 1 (x) is obtained by the saturation prior.
In [3] , the authors propose the dark channel prior: most local patches in clear foggy images contain some pixels which have very low intensities in at least one color channel. Namely, min
the dark channel prior is the degradation of the constraint in (10), min Ω∈15×15 K * ≈ 1. In fact, in the natural scenes, such as large white and sky areas, there are some scenarios that do not satisfy the dark channel prior, resulting in errors in the transmission map.
Color Attenuation Prior
Through a large number of foggy image statistics, Qingsong Zhu [11] finds that the changes of brightness and saturation values are closely related to fog density in foggy images, and the density of the fog also reflects the depth of field information indirectly. Based on a number of experiments, he proposes the color attenuation prior that the difference between the brightness and the saturation values of the fog image changes linearly with image depth. It can be simply and effectively established as a linear model for foggy image depth:
where, R(x) and S(R(x)) are expressed as the brightness and saturation values at pixel x in the foggy image, respectively. θ 0 , θ 1 and θ 2 are the parameters of the linear model, which are valued at 0.121779, 0.9597710 and −0.780245, respectively. Thus, it is possible to obtain the transmission map about the color attenuation prior:
Where, γ = 1 [11] . As shown in Fig. 2 , in the foggy images, the close ranges suffer light degradation of fog where the image information is rich and the color changes are obvious. As shown in Fig. 2 (b) , the difference between the luminance component and the saturation component as the depth of field change gradually from black to white. In order to further visualize this conclusion, this section will give the relationship between the difference image and depth of field map. It is shown in Fig. 2 (c) . Among them, the abscissa represents the difference between brightness and saturation, while the ordinate represents the depth of the corresponding pixel. It visually shows that the difference is proportional to the depth of field. It results in the close range that brightness and saturation values change faster, so the transmission map obtained by the color attenuation prior does not conform to the real situation. On the contrary, the brightness and saturation values tend to be smooth in the large depth of the foggy image, where the transmission map obtained by color attenuation is in line with the real situation. The key problem is how to obtain the accurate transmission map by refining the coarse transmission map based on color attenuation prior.
Image Defogging Based on Random Walk Model
Random Walk Model
Random Walk [18] is a mathematical formalization of a path consisting of a series of random steps. For example, the irregular movement of gas molecules, the diffusion of ink into the water, and the search for traces of animal foraging can be modeled as a random walk, although they may not be random in reality. Random walk is the basis of the diffusion process, so it is widely used in the simulation of physical and As shown in Fig. 3 , in the image processing, Random Walk on the maps refers to a given graph and a starting point, randomly select a neighbor node, move to the neighbor node, and then the current node as a starting point, and repeat the above process. The nodes that are randomly selected form a random walk on the graph [19] . Leo proposed a random walk method that an input image is regarded as a weighted graph, and each node is represented a pixel [20] - [22] .
First, the image is defined as a discrete set of vertices, edges, and weights G = (V, E, W), where V represents the set of vertex v i corresponding to each pixel in the image, E represents the set of connections between v i and v j , and W is the set of weight w i j indicating between adjacent pixels differences and similarities.
where, I i and I j represent the gray values of the vertexes v i and v j respectively, and α is the free parameter. When the difference between the adjacent pixels is relatively small, the calculated weight w i j is larger, indicating that the Random Walker along the edge of the probability of walking is relatively large; On the contrary, the large difference between the characteristics of adjacent pixels indicates the probability of the edge of Random Walker is small. 
where, L represents a joint Laplace matrix, which is defined as: (14) as below:
The Random Walk prior model constrained the transferring coefficient K* is constructed by taking the two coarse transmission maps t 1 (x) andt(x) as the two initial seeds. The energy model is defined as:
Thus, combining (16) and (17) yields the energy model for the transferring coefficient K* as shown in the following equation:
where, the regularization parameter λ represents the influence degree of the prior term on the final transferring coefficient and is set as 0.75 in this paper. The first energy term depicts the possibility that a pixel walks around the neighboring pixels, and the second energy term describes the constrains of the transferring coefficient by the two coarse transmission maps that are obtained by saturation prior and the color attenuation prior respectively. According to the analysis of the advantages and disadvantages of the coarse transmission maps by the saturation prior and color attenuation prior, transmission mapt(x) has a clear advantage in the regions where the brightness and saturation values changes gently, because the transmission map t 1 (x) does not satisfy min(J R (x), J G (x), J B (x)) ≈ 0 in the sky and large white areas. On the contrary, t 1 (x) has a significant advantage in the scenes where the brightness and saturation changes significantly, because the linearity parameter oft(x) is fixed and does not conform to the estimation of the transmission at the close range. Therefore, it is necessary to design a reasonable regularization weight β(x) to measure the influence of t 1 (x) andt(x) to the transfer coefficient K*.
Hence, the changes of the brightness and saturation of the foggy image is taken as the influencing factor of the regularization weight β(x). Given a foggy image I, we define the structural feature that characterizes the changes in brightness and saturation in the neighborhood P: the sum of the Euclidean distance of gray values R i (x) − R j (x) 2 and the absolute distance of saturation value difference between the two pixels i, j, can form a attenuation function, and the function is defined as the difference r(i, j) between two pixels i, j:
The regularization weight β(x) of the central pixel i in the neighborhood P is measured according to the difference r(i, j) between the other pixel and the central pixel i:
where, z(i) is a normalization function, σ is the standard deviation of the Gaussian template, and the neighborhood size is 7 × 7. The smaller value of the regularization weight β(x), which characterizes the changes in brightness and saturation values, indicates that the brightness and saturation changes are more pronounced. On the contrary, it shows that the brightness and saturation are gentler. The effects of t 1 (x) andt(x) on the walking direction of the transferring coefficient K* is well measured by substituting β(x) into Eq. (17) . At this time, the minimization of (17) is optimized for the transfer coefficient K*. And then the final transmission map t(x) is achieved by substituting K* into the formula (8) .
At last, substituting the air light A [9] and the final transmission map t(x) into (1), a clear image based on the physical model can be restored:
In order to demonstrate the superiority of the joint prior, relative saturation prior and the color attenuation prior, this paper selects the large depth image as the test image. Figure 4 (a) is the large depth haze image Fig. 4 (b) is the defogging image by using the saturation prior and the defogging effect is poor in the vision area. Figure 4 (c) is the defogging image by using the color attenuation prior, the defogging effect is general in the near area. Figure 4 (d) shows the defogging effect by using the algorithm of the joint prior in this paper and it maintains a good processing power in the vision and near area.
Experiments
To prove the performance of the proposed defogging algorithm in this paper, we choose three representative defogging algorithms as comparisons. They are the defogging algorithms based on the dark channel prior [3] , color lines prior [10] , and color attenuation prior [11] . To highlight the advantages of the proposed method, the chosen foggy images are containing sky and large white regions. Finally, two objective evaluations are used to measure the quality of the results.
Comparison for Transmission Maps
From the comparison of the above four transmission maps and defogging images, as shown in Figs. 5 and 6, it can be seen that the Dark Channel Prior method in [3] the rough estimation of dielectric transmission graph by using the dark channel prior, and the rough estimation of fine dielectric transmission graph by using soft matting can obtain the defogging imageresulting in blurring the local contrast and distorting the sky areas. Based on the assumption of local smoothness in [10] , the transmission map obtained by color line prior does not satisfy the close range the texture changes obviously Zhu [11] the transmission map is less affected by is result of fog removal by [3] , (c) is result of fog removal by [10] , (d) is result of fog removal by [11] and (e) is result of fog removal by the proposed method.
Fig. 7
Comparison of defogging performance on pagoda, building and goose image between the proposed method, method in [3] , method in [10] , method in [11] . The first line is the foggy image, the second line is restored by [3] , the third line is restored by [11] , the fourth line is restored by [10] and the fifth line is restored by the proposed method.
the fog in the close range where the image information is rich and the color changes obviously. In this paper, based on the constraints of two priors, the transmission map obtains natural and smooth results in the sky areas and close range. 
Qualitative Comparison
First, we select three haze images marked by pagoda, building and goose respectively, to compare the proposed algorithm with the defogging method based on the dark channel prior [3] , color-line [10] , and color attenuation prior [11] . The pagoda and building foggy images contain large sky areas, and the goose foggy image has variant depths. As shown in Fig. 7 the second line, although the three image effects processed by [3] are better than the original fog image in the visual effect, the results have halos in the processing of the large sky areas, and the image is partially distorted as marked by red rectangles. This is mainly due to the use of dark channel prior which results in a deviation from the real transmission map when the large area sky regions occur. The three images perform well in the close ranges with better color and detail recovery, but poor performance in areas where the depths are relatively large with poor color and few detail. As shown in Fig. 8 , large depth regions marked by the yellow box and processed by [3] have poor defogging effects. In Fig. 7 , the third and fourth lines are respectively color attenuation and the processing results for color-line prior. Among them, color-line processing result is better at close range, but for the long distance, as in Fig. 9 Comparison of defogging performance on woods, city and pumpkins image between the proposed method, method in [3] , method in [10] , method in [11] . The first line is the foggy image, the second line is restored by [3] , the third line is restored by [11] , the fourth line is restored by [10] and the fifth line is restored by the proposed method.
the yellow box, the processing effect is not so good, and the processing results for the color attenuation prior in vision and sky areas are ideal while the results are not ideal in close range. In this paper, the proposed algorithm employs the transmission map based on the saturation and color attenuation priors, which has very good performance on the sky, white and large depth areas. The using of regularization weight β, characterizing the structural features of the brightness and saturation in foggy images, preserves the restored image with rich color information and more details. In Fig. 9 , there are woods, city and pumpkins. The second line is dark channel prior [3] that defogging effect can be seen is significantly better than that of the first line, but the defogging effect in the vision is less effective and the overall effect is dim. The third line is the defogging result of color-line prior [10] . In Fig. 10 , the detail in the red box is not good. It cannot be able to present the color and the detail well. The main reason is that color-line prior is based on the assumption of the smoothness of local pixel block, so the image edge and the obvious area of the texture change, the distribution of pixels in the color space is relatively scattered don't obey the prior condition. Among them, the fourth line is color attenuation prior [11] . By observing these three group comparisons, we can find that the proposed algorithm and color attenuation prior are successfully applied to enhance the effect of large depth range, but the result of close range from color attenuation prior are poor. For the distortion of close range, the proposed prior in this paper, based on the saturation prior and adjusted by the color attenuation prior, can better constrain the real information in both large depth and close range, as shown in Figs. 9 and 10. As a result, this algorithm can effectively avoid the dark distortion effect in the close range.
Quantitative Comparison
In this paper, two kinds of evaluation methods are introduced to evaluate the quality of the image quality to improve the reliability of the experiment, including the No-reference Image Quality Evaluation (NIQE) [23] and the contrast and structural similarity index (Contrast and Structural similarity index, CS) [24] . The NIQE measures the distortion of the processed results using the range statistics of the localized normalized luminance coefficients. In fact, the distribution of these brightness coefficients in the foggy image becomes relatively flat after the defogging algorithm, which means that the NIQE metric can measure the loss of the natural properties of the distorted image. The numerical distribution of the index ranges from 0 to 100, and 0 represents the best image quality. The CS is a full reference model that needs to use the fog image as a reference image. Its score range is 0 to 1, and the higher the score means that the processing result has a higher quality. As shown in the following table, the proposed algorithm gets optimal scores in NIQE and CS. Compared with the current mainstream defogging algorithms, the proposed algorithm can obtain a good quality in the large depths and sky areas, remove the fog and get the fine restoration on edges and textures. Figures 11-14 shows the quality comparison of the obtained images from our proposed algorithm and other three comparison algorithms. It is easy to see, Our proposed algorithm is better than the other three comparison algorithms in the NIQE and CS indices, which means that our proposed algorithm is better than that other three comparison algorithms are used to restore realistic images.
Conclusions
In this paper, we focus on the current trend that one single prior cannot meet with the complex phenomenon, and propose a defogging method by presenting the saturation prior and employing the color attenuation prior to satisfy both the large depth and close range. First, we propose the saturation prior based on the HSV model, and simplify acquirement of the transmission map to the transferring coefficient. Then, we employ the color attenuation prior which has clear advantages in constraints on the sky and the regions. It can restrain the transferring coefficient and the Random Walk model is used to solve the problem of the transferring coefficient. Finally, the clear image is restored from a foggy image by adding the estimated air light and the achieved transmission map to the atmosphere scattering model. Compared with other three defogging methods based on single prior, we prove the effectiveness and robustness of the proposed defogging algorithm by using some foggy images containing large depth, sky regions and close range.
